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Intrarenal distribution of the colonic H,K-ATPase mRNA in balance. These processes are in part mediated by H,K-
rabbit. ATPases that pump H1 ions from the cells into the lumen
Background. Evidence suggests that the colonic H,K-ATPase in exchange for K [reviewed in 1]. There is strong evi-isoform is expressed in the kidney and that a mRNA species
dence that at least two different H,K-ATPase a subunitshighly homologous to the rat and guinea pig HKa2 is expressed
are expressed in the kidney: HKa1 or the gastric isoformin the cortical collecting duct (CCD) of the rabbit. The goals
of this study were to determine if this mRNA is the rabbit [2–4], and HKa2 or the colonic isoform [4–8]. In addi-
homologue of HKa2 or a novel isoform and to determine tion, the possibility was raised that an additional kidney-
intrarenal distribution of the HKa2 mRNA in rabbit. specific isoform may also exist in Xenopus kidney [9]. WeMethods. 59-RACE and Dye Deoxy Terminator chemistry
have previously reported that an mRNA species highlywere used to determine the full-length sequence of the rabbit
HKa2 mRNA. The intrarenal distribution of HKa2 mRNA homologous to the rat and guinea pig HKa2 is expressed
was determined in microdissected nephron segments, connect- in the cortical collecting duct (CCD) of the rabbit [6].
ing tubule (CNT), and CCD cells isolated by immunodissection, However, because at that time the rabbit HKa2 subunit
as well as in the three cell types of the CCD. Principal cells
had not been cloned, it was not clear if the partial HKa2-and a- and b-intercalated cells were isolated by fluorescence-
like cDNA clone that we isolated from rabbit CCD cellsactivated cell sorting. HKa2 mRNA levels were determined by
quantitative reverse transcription-polymerase chain reaction [6] represented a homologue of the rabbit HKa2 subunit
(RT-PCR) or single-nephron RT-PCR (SN-RTPCR). or a novel isoform, as various ATPases show large ho-
Results. The full-length sequence of the rabbit kidney HKa2 mology to each other. To answer this question, in thismRNA was determined. This transcript is identical to the one
study, we determined the full-length sequence of theexpressed in rabbit distal colon. In microdissected nephron
HKa2 expressed by rabbit CCD and used 59-RACE tosegments, strong HKa2 amplicons were present in the CNT,
CCD, and outer medullary collecting duct (OMCD), whereas compare this transcript with the one expressed in rabbit
no signal was detected in the proximal tubule, distal convoluted distal colon. Our results indicate that the two transcripts
tubule, think ascending limb, and inner medullary collecting are identical.duct. Roughly comparable levels of HKa2 mRNA were present
Another unsettled issue is the distribution of thein all three CCD cell types, and the highest levels were observed
HKa2 subunit along the nephron and the relative levelin a subpopulation most likely corresponding to CNT cells.
Conclusions. These results suggest that the HKa2 mRNA is of its expression in the different CCD cell types. The
expressed in rabbit collecting duct is identical in size and se- CCD consists of at least three cell types: principal cells,
quence to the one expressed in rabbit distal colon. HKa2 mRNA
which are responsible for Na reabsorption and K secre-in the rabbit kidney is selectively expressed in the CNT, CCD,
tion, and at least two types of intercalated cells (a- andand OMCD, and all three collecting duct subtypes express its
mRNA. b-type), which mediate acid and HCO32 transport [re-
viewed in 10]. Determination of the cellular localization
of the colonic H,K-ATPase might be an important clue
The renal collecting duct system plays a major role in for deducing its function. Based on the presumed func-
maintaining potassium homeostasis as well as acid/base tion of this isoform in acidification and/or K reabsorp-
tion, one would expect high levels of expression in the
outer medullary collecting duct (OMCD), a nephronKey words: colonic isoform, mRNA, collecting duct, intercalated cell,
principal cell, potassium homeostasis, acid/base balance. segment that exhibits net K reabsorption and H1 secre-
tion and lower levels of expression in other segments ofReceived for publication February 1, 1999
the collecting duct system. On the other hand, if theand in revised form April 5, 1999
Accepted for publication April 12, 1999 colonic H,K-ATPase participates in HCO3 secretion, as
suggested by Gifford, Rome, and Galla, it would be 1999 by the International Society of Nephrology
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expected to be expressed predominantly in the CCD and cells that are PNA negative. Thus, in these experiments,
the following criteria were used to separate principal,the connecting tubule (CNT), where b-intercalated cells
are present [11]. Thus, the other goal of this study was b-, and a-intercalated cells. Principal cells were identified
with a FITC-conjugated antibody that reacts specificallyto determine HKa2 mRNA levels in individual microdis-
sected nephron segments as well as in the three collecting with these cells (DT.17) [18]. b-intercalated cells were
identified as those cells strongly stained with PNA,duct cell subtypes. Here we report that HKa2 mRNA
is expressed in the CNT, CCD, and OMCD, but not in whereas a-intercalated cells were defined as the DT 17-
negative and weak PNA-positive population. In severalother nephron segments, and its level of expression is
comparable in the three CCD cell types. experiments, a fourth population of cells was isolated
from the starting mixed CCD 1 CNT population. These
cells are called “negative” because they were negative
METHODS
for both the principal cell-specific and intercalated cell-
Immunodissection specific markers. These cells most likely correspond to
CNT cells. To eliminate dead cells, cell preparationsCortical collecting duct plus CNT cells were isolated
from rabbit renal cortex by solid-phase immunoadsorp- were also stained with 496-diamidino-2-phylindole·2HCl
(DAPI) (0.1 mg/ml), which is excluded from viable cells.tion, using a monoclonal antibody (ST.12) against an ecto-
antigen on these cells, as described previously [12, 13]. The purity of the sorted cells was determined by immu-
nocytochemistry using other cell-specific markers as de-Approximately 50 to 60% of the isolated cells originated
from the CCD and 40 to 50% from the CNT; no other cell scribed [16–18] and was approximately 96% for b cells,
approximately 94% for principal cells, and approxi-types were detected, as determined by using independent
markers for various nephron segments [12, 13]. mately 82% for a-intercalated cells.
PCR primers and sequencingMicrodissection of nephron segments
Microdissection of nephron segments was performed The following oligonucleotide primers were used for
sequencing or amplification of the rabbit HKa2: G45using methods similar to those described previously [14,
15]. Briefly, tubules were dissected by hand from rabbit (antisense), 59 GAG GAC CAT GAT GCC AAC AAA
GAA A 39; G49 (sense), 59 TAG AGA ART GCA GCAkidney slices. All instruments and solutions were RNase
free. Proximal tubules (PT, S2), cortical thick ascending CCA TCA TGA TCA A 39; G53 (antisense), 59 CCA
CTG TCT CAC TGG CTG AAA TG 39; G54 (anti-limbs (cTALs), and CCD were dissected from medullary
rays in the cortex. To identify the distal convoluted tu- sense), 59 CAT AAG TTG GAG GTG GGG AAG
TTC A 39; G55 (antisense), 59 CTT GAT GAT CTCbule (DCT), the structure consisting of a glomerulus
with both cTAL and DCT still attached was isolated; TGG GGT CTG TTT G 39; and G56 (antisense), 59
GCT CCT CTT TCT GCT GAT TCC TTT TG 39.subsequently, the DCT was harvested. The CNT was
dissected from the branched arcades in the deep cortex. DNA sequencing was performed by the Dye Deoxy
Terminator chemistry on an ABI 373A automated se-The OMCD was dissected from the outer medulla. A
total of 1 mm of tubule was adsorbed onto a 0.5 mm quencer.
diameter glass bead and transferred to a 0.5 ml PCR
59-RACEtube containing 10 ml lysis solution (2% triton, 5 mm
dithiothreitol, 2.2 U/ml RNAsin). All samples were fro- mRNA was isolated from immunodissected CCD 1
CNT cells and was reverse transcribed with a lock-dock-zen at 2708C until the time of the experiment.
ing oligo(dT) primer using a Marathon kit (Clontech,
Fluorescence-activated cell sorting of collecting duct Palo Alto, CA, USA). Following second-strand synthesis
cell types and adaptor ligation, two rounds of PCR were carried
out. The first PCR was primed with a gene-specific anti-Immunodissected CCD 1 CNT cells were further frac-
tionated into the three collecting duct cell types (that is, sense primer (G53) and an adaptor-specific sense primer.
In the second PCR, a nested adaptor primer and a nesteda- and b-intercalated cells and principal cells) by fluo-
rescence-activated cell sorting using cell specific markers gene-specific primer (G54) were used. Products from the
second PCR were fractionated on agarose, and excisedas described [16–18]. When cells are isolated using anti-
body ST.12, the small amount of antibody bound to the cDNAs were cloned and sequenced.
cells slightly changes the staining pattern of intercalated
HKa2 RT-PCR using immunodissected andcells with PNA so that three cell populations can be distin-
sorted cellsguished by flow cytometry: b-intercalated cells, which are
stained strongly with phycoerythrin-conjugated peanut Total RNA was isolated from either freshly immuno-
dissected CCD 1 CNT cells or sorted cells, as well aslectin agglutinin (PNA) [16–18], a-intercalated cells,
which become weakly positive for PNA, and principal snap-frozen distal colon using TRI Reagente (Molecu-
Fejes-To´th et al: Colonic H,K-ATPase expression in the kidney 1031
lar Research Center, Inc., Cincinnati, OH, USA); po- sample tube adsorbed to glass beads using clean “trans-
fer” forceps) were performed each time a PCR experi-ly(A) 1 RNA was isolated by sodium dodecyl sulfate
lysis and oligo(dT) selection. RNA concentrations were ment was performed. In no instance was a signal detected
in any of these negative controls. In addition, a positivecalculated from the ODs at 260 nm. cDNA was synthe-
sized using 0.5 to 2.0 mg of total RNA as described [19]. control of 50 ng of rabbit kidney total RNA was included
in each experiment. PCR of RNA without performingPCR amplification was performed in the presence of
[32P]dCTP and varying amounts (0.6 to 40 ng) of cDNA reverse transcription did not amplify any products. Sam-
ples were analyzed by agarose gel electrophoresis andwith primers corresponding to nt 2629 to 2648 (sense 1)
and nt 3044 to 3063 (antisense 1) [6] of the rat HKa2 stained with ethidium bromide.
mRNA [5]. Both primers are located on the HKa2 sub-
unit in a region where significant sequence divergence
RESULTS
exists between the gastric and colonic isoenzymes and
Sequence determination of the full-length rabbitbetween the catalytic subunits of H,K-ATPases and
cortical collecting duct HKa2 cDNANa,K-ATPases [5], and bracket a 434 bp PCR product.
PCR amplifications were performed in a 20 ml total vol- Previously we isolated a 1.5 kb partial cDNA from
rabbit CCD cells, which had an approximate 85% homol-ume containing 10 mm Tris-HCl, pH 8.3, 50 mm KCl, 1.5
mm MgCl2, 75 mm dNTP, 200 nm of each primer, 0.1 U ogy to the rat and guinea pig HKa2 subunit [6]. In this
study, we used RNA originating from immunodissectedTaq polymerase (Perkin Elmer, Norwalk, CT, USA),
and 1 mCi [32P]dCTP (3000 Ci/mmol; NEN, Boston, MA, rabbit CCD cells, reverse transcription-polymerase chain
reaction (RT-PCR), and RACE procedures to isolateUSA). Each sample was overlaid with 20 ml of Chill-
Oute (MJ Research, Inc. Waltham, MA) to prevent overlapping PCR products and to determine the full-
length sequence of this transcript. Our first strategy wasevaporation. After an initial two-minutes denaturation
at 968C, amplification was carried out for 30 cycles with to use a 59RACE procedure using two antisense primers
located in the 5-end of the partial cDNA clone [6]. How-denaturation at 958C for one minute, annealing at 568C
for one minute, and extension at 728C for one minute. ever, this method did not yield detectable amplicons.
Therefore, a PCR primer (G49) was selected in a regionAfter amplification, 4 ml loading buffer was added to
each sample, and 20 ml were run on a 6% polyacrylamide conserved in the rat and guinea pig corresponding to nt
1782 to 1809 in the rat HKa2 sequence [5] and used ingel. Gels were dried and the amount of [32P]dCTP incor-
porated into the PCR products determined using a model combination with an antisense primer (G45) located in
the partial cDNA sequence [6] to amplify a 1250 bp425 PhosphorImager (Molecular Dynamics, Sunnyvale,
CA, USA). The slope of the incorporated radioactivity amplicon from rabbit CCD cDNA. This amplicon was
sequenced, and based on this sequence, new antisenseversus amount of starting cDNA was derived by linear
regression. These values were normalized to the amount primers were designed (G53 and G54) and used in two
consecutive 59-RACE amplifications to yield an approxi-of b-actin mRNA, which was determined similarly in
each sample as described [19]. mate 1600 bp end product. This RACE product was
cloned and sequenced, and the sequence was verified
Single-nephron reverse transcription-polymerase chain using PCR. Because this PCR product was too large to
reaction of the HKa2 mRNA reveal possible small differences in the N-terminal re-
gion, new antisense primers were designed (G55 andReverse transcription was performed at 708C using the
thermostable rTth RNA PCR kit (Perkin Elmer) [14] G56) and used for a second round of 59-RACE using
CCD cDNA. This procedure resulted in a single approxi-in the presence of Mn and the gene-specific external
antisense primer (59-CAT GTT CTT ATC CCA CCA mate 360 bp product (Fig. 1), which was then sequenced.
The full-length rabbit HKa2 cDNA (GenBank acces-GCT TCC G-39). PCR was performed in the same tube
by adding a master mix containing a chelator of Mn, the sion number AF106063) consists of 4184 nucleotides (ex-
cluding the poly A tail) and contains a 3102-nucleotideexternal sense primer (59-TGT ATA CTC GTA CCT
GCA CAT TGG C-39), and MgCl2. Two cycles PCR open reading frame preceded by a 190 nucleotide 59
untranslated region and followed by a 892-nucleotide 39were performed for 40 cycles: 948C for one minute and
608C for one minute. A second round of PCR was per- untranslated region. In the coding region, this cDNA
shares an 87% homology with the human ATP1AL1formed with nested primers (sense primer, 59-GCT TTC
CTG GTG TAC TTC AC-39; antisense primer, 59-AAG [20], 85% with the guinea pig [21], and 84% with the rat
[5] colonic H,K-ATPase a2 subunits. In addition, thereAGT TTC CGC ATT TCA TC-39) using 1 ml of the first
PCR reaction and Amplitaq (Perkin Elmer): 40 cycles, is a significant homology in the 59 UTR of the rabbit
CCD cDNA and the rat colonic HKa2.948C for one minute, 568C for one minute, 728C for
one minute. Negative “reagent” controls (including all During the course of this study, two rabbit H,K-ATPase
sequences that show a more than 99% identity to thereagents except tubules, which are transferred into the
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the colonic HKa2 subunits of other species raised the
question if the enzyme expressed in the CCD is an iso-
form of that expressed in the colon. Alternatively, the
observed sequence divergence could be due to species
differences. To answer this question, we amplified the
59-untranslated region from both rabbit CCD and distal
colon cDNA using two primer pairs. The shared sense
primer anneals to nt 67 to 92 in the 59-UTR, the first
antisense primer (G55) anneals to nt 315 to 340 and the
second antisense primer (G56) to nt 484 to 510 in the
beginning of the coding region. As shown in Figure 3,
these procedures generated amplicons with identical
sizes from CCD and colon RNA, suggesting that the
two mRNA transcripts are identical. This conclusion was
verified by sequencing both amplicons from the rabbit
colon and CCD.Fig. 1. 59-RACE of rabbit HKa2 subunit. Rabbit cortical collecting
duct (CCD) cDNA (40 ng) was amplified using the Marathon kit (Clon-
tech) with a gene-specific antisense primer (G55; Methods section) and Intrarenal distribution of the HKa2 mRNA
the AP1 adaptor primer. PCR amplification (30 cycles) resulted in a
The pattern of intrarenal distribution of the HKa2single amplicon.
mRNA was determined by single-nephron RT-PCR us-
ing RNA obtained from microdissected rabbit kidney
tubules. The results of two representative RT-PCR am-rabbit H,K-ATPase sequence we obtained from CCD
plifications are shown in Figure 4. Confirming our previ-have been published [22].
ous observation with immunodissected cells [6], HKa2The open reading frame of the rabbit HKa2 cDNA
signals were detected from the CCD. Among the otherdefines a protein of 1033 amino acids with a predicted
nephron segments, amplicons of similar size and intensitymolecular weight of 115 kDa and an isoelectric point of
were obtained from the CNT and OMCD (Fig. 4 A, B).6.1. The initiation methionine codon is at nucleotide
On the other hand, no HKa2 amplicon was detected191 in an appropriate Kozak sequence. Alignment of
from microdissected rabbit proximal tubule, DCT, cTAL,deduced amino acid sequence of the rabbit HKa2 N-
and inner medullary collecting duct (IMCD; Fig. 4A).terminal region with several HKa2 from other species
is shown in Figure 2. The rabbit CCD HKa2 clearly To determine which cell type(s) within the collecting
belongs to the P-type ATPase family because it contains duct system expresses HKa2 mRNA, we performed
all the signature motifs that exist in P-type ATPases. quantitative RT-PCR using cDNAs originating from the
The rabbit CCD HKa2 shares an 89, 88, and 87% amino various cell types isolated by fluorescent-activated cell
acid identity with the rat HKa2, human ATP1AL1, and sorting. In pilot experiments, we separated two cell popu-
guinea pig HKa2, respectively. The overall homology to lations from a mixed CCD 1 CNT population obtained
gastric-type H,K-ATPases and Na,K-ATPases is much by immunodissection [12, 13]: b-intercalated cells were
lower (approximately 65%). Interestingly, the N-termi- sorted as strong PNA-positive cells, whereas the other
nal region of the rabbit HKa2 protein significantly differs cell population (“non-b” cells) contained all other cell
from the sequence of other colonic and gastric H,K- types of the CCD and CNT, that is, a-intercalated cells,
ATPases. Currently, it is unclear if this significant diver- principal cells, and CNT cells. Four different amounts
gence in the N-terminal region has functional conse- of cDNA, derived from each population, were used to
quences, because this region is not well conserved across amplify both HKa2 and b-actin. The level of HKa2
species. mRNA (normalized for the level of b-actin mRNA) in
Similarly, as described for the human ATP1AL1 [9],
b-intercalated cells was only approximately 40% of thein the regions that are responsible for ion selectivity,
level expressed in “non-b” cells (0.73 6 0.5 in b cells vs.the HKa2 expressed in the rabbit CCD shows more
1.91 6 0.9 in “non-b” cells). These results indicate thathomology to the Na,K-ATPase a-subunit than to HKa1.
the HKa2 subunit mRNA is not preferentially expressedThis observation suggests that this family of colonic H,K-
in b-intercalated cells.ATPases might exhibit functional characteristics resem-
In the next series of experiments, we separated fourbling those of Na,K-ATPases as well as H,K-ATPases.
cell types from CCD 1 CNT cells: a- and b-intercalated
Identical HKa2 mRNAs are expressed in the rabbit cells, principal cells, and cells that did not react with
cortical collecting duct and colon either principal- or intercalated cell-specific markers
(“negative” cells). Again, the level of HKa2 mRNA ex-The significant dissimilarity between the N-terminal
amino acids of the rabbit CCD HKa2-like protein and pression in the different cell types was determined by
Fejes-To´th et al: Colonic H,K-ATPase expression in the kidney 1033
Fig. 2. Alignment of deduced amino acid sequence of the 59 end of the rabbit (Rb) cortical collecting duct (CCD) HKa2 with corresponding
regions of rat HKa2, human ATP1AL1, and guinea pig (GP) HKa2 and AF023128. AF023128 is a homologue of HKa2 cloned from the RTCC28A
cell line [22]. The first row is a graphic representation of amino acid similarity.
measurements, the differences did not reach statistical
significance.
DISCUSSION
Potassium reabsorption in the collecting duct is
thought to be mediated by H,K-ATPases. There is evi-
dence that the kidney expresses at least two isoforms of
the a-subunit of H,K-ATPases: HKa1 or gastric and
HKa2 or colonic isoforms. The exact cellular localization
of the individual isoforms have not yet been determined,
although there is evidence that both HKa1 and HKa2
mRNAs are expressed in the collecting duct system [3–8].
Another unresolved issue is the physiological function
Fig. 3. Reverse transcription-polymerase chain reaction (RT-PCR) of of the various H,K-ATPase isoforms in the kidney.
the 59 ends of rabbit HKa2 from cortical collecting duct (CCD) and In this study, we focused on the colonic-type H,K-colon. RT-PCR was performed with 40 ng of cDNA originating from
ATPase a subunit expressed in rabbit CCD cells. Theimmunodissected CCD cells or distal colon, using a sense primer that
anneals to nt 67 to 92 in the 59-UTR, and primer G56 that anneals to two main questions we wanted to answer were: (a) Is
nt 484 to 510 (first two lanes) or primer G55 that anneals to nt 315 to the HKa2 subunit mRNA expressed in rabbit CCD cells
340 or (second pair of lanes).
a true HKa2 isoform, and if so, are identical transcripts
expressed in the CCD versus the colon? (b) What is the
intrarenal distribution of this isoform?
semiquantitative RT-PCR analysis, and the data are To address these questions, first we determined the
summarized in Figure 5. It is clear that all three cell full-length sequence of the rabbit CCD HKa2-like
types of the collecting duct (a-intercalated, b-interca- cDNA. Our results revealed that this cDNA is highly
lated cells, and principal cells) express HKa2, and the homologous to the rat and guinea pig HKa2 subunit
level of expression is comparable in these cells. The last and to the human ATP1AL1 [5, 20]. All of the critical
column in Figure 5 shows HKa2 mRNA levels in the domains present in HKa2 subunits of other species are
cell population that were negative for either of the cell conserved in the rabbit CCD cDNA. In addition, there
markers used and are highly enriched for CNT cells. is a significant homology in the 59-UTR of the rabbit
These cells apparently contain the highest levels of CCD transcript and the rat colonic HKa2 transcript,
suggesting that these two RNAs are the products of theHKa2 mRNA, although because of the large error of
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Fig. 4. Expression of HKa2 mRNA along the nephron. Single-tube RT-PCR was performed using RNA obtained from microdissected rabbit
kidney segments and primers as described in the Methods section. Two representative experiments are shown (A and B). Abbreviations are: RT,
reverse transcription; Prox. tub., proximal tubule; cTAL, cortical thick ascending limb of the loop of Henle; DCT, distal convoluted tubule; CNT,
connecting tubule; CCD, cortical collecting tubule; OMCD, outer medullary collecting duct; IMCD, inner medullary collecting duct. (B) Two
separate samples of CNT and OMCD were analyzed.
same (corresponding) gene. While this article was under transcripts in the CCD versus the colon. The reason of
the apparent discrepancy between our finding and thereview, two HKa2 species were cloned from a rabbit cell
line [22], and one of these (designated HKa2a) seems observation by Kone and Higham might include the fol-
lowing: (a) Another HKa2 transcript is also present into be identical to the sequence we determined.
However, the N-terminal region of the deduced rabbit CCD cells at very low concentrations that we did not
detect, and (b) there are species differences (rabbit vs.protein is significantly different from the other HKa2
subunits described thus far. This observation raised the rat) or (c) differences in the segment studied (CCD plus
CNT in our case versus OMCD in the study by Konepossibility that the HKa2 we cloned from rabbit CCD
cells represents a novel isoform. To address this possibil- and Higham) [8]. Our findings also differ from those
published most recently by Campbell et al in that we didity, first we wanted to determine if the HKa2 subunit
mRNA expressed in rabbit CCD is identical to the one not find any evidence for the expression of the HKa2c
isoform, which was cloned from the RCCT-28A cell line,expressed in rabbit colon. Our previous Northern analy-
sis revealed that similar size transcripts are present in and which appears to be 61 amino acid longer at the
amino terminal than the previously identified HKa2 [22].rabbit CCD and colon [6]. However, this observation
does not necessarily indicate that the two transcripts are The reason for the converging results might be the differ-
ence in the origin of cDNA (freshly isolated CCD plusidentical, all the more since Kone and Higham reported
that in the rat OMCD alternative transcription initiation CNT cells in our case vs. a cell line in the study of
Campbell et al). Indeed, these authors also failed toand mRNA splicing gave rise to distinct N-terminal
HKa2 variants with similar sizes [8]. Therefore, we com- detect HKa2c mRNA from rabbit renal cortex by North-
ern blot [22], suggesting that this splice variant is ex-pared the sequences of amplicons generated by using
three different primers in the 59-region of the rabbit pressed at very low levels, if at all, in the normal kidney.
The other goal of our study was to determine theHKa2 subunit and cDNA from colon and CCD. How-
ever, our results indicate that the nucleotide sequences intrarenal distribution of the HKa2 subunit using indi-
vidually dissected nephron segments and sorted collect-of the transcripts expressed in the colon and in the CCD
are identical. In addition, 59-RACE procedure generated ing duct cell subtypes. Our single nephron RT-PCR data
demonstrate that the expression of HKa2 mRNA is re-only one amplicon from both the colonic and the CCD
HKa2. Thus, we found no evidence for different HKa2 stricted to the CNT, CCD, and OMCD. In these nephron
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types of intercalated cells, which mediate opposite func-
tions. H1 secretion and HCO3 reabsorption occur in
a-intercalated cells, whereas b-type intercalated cells se-
cret HCO3. To obtain further indirect evidence for the
function of the colonic H,K-ATPase in the collecting duct
system, we analyzed its distribution among the different
cell types of the collecting duct, reasoning that a prefer-
ential expression in either cell type would be indicative of
its function. However, our results summarized in Figure 5
indicate that both types of intercalated cells express simi-
lar levels of HKa2 mRNA. These data are in agreement
with previous functional and in situ hybridization studies
in the rat [7, 23, 24]. In addition, principal cells, which
play a major role on Na1 reabsorption and K1 secretion,
also contain HKa2 mRNA levels comparable to that
observed in intercalated cells. Surprisingly, the highest
levels of HKa2 mRNA were obtained in a subpopulation
of cells we call “negative,” as this population does not
Fig. 5. Expression of HKa2 mRNA in sorted CCD cell subtypes. Im- react with either a- or b-intercalated cell-specific mark-
munodissected rabbit CCD 1 CNT cells were used as starting material ers, or the principal cell-specific antibody used in fluo-
to sort a-intercalated (a-IC), b-intercalated (b-IC), and principal cells
rescence-activated cell sorting. It should be noted that(PC) using fluorescent cell-specific surface markers as described in the
Methods section. Cells labeled “negative” were sorted based on lack the isolated cells used as starting material for cell sorting
of reactivity of these markers. Quantitative RT-PCR was performed were immunodissected with an antibody that reacts with
with 0.6 to 40 ng of cDNA isolated from the sorted cell populations.
both CCD and CNT; thus, the “negative” cell population,Values have been normalized for b-actin mRNA levels determined
from the same cDNA samples. Values are means 6 se (N 5 6 for a-IC, which expresses high levels of HKa2 mRNA, is probably
12 for b-IC, 8 for PC, and 6 for negative cells). Student’s two-tailed t- enriched for CNT cells.
test revealed no statistically significant differences between either two
In conclusion, the data presented here indicate that aof the cell types.
HKa2 mRNA is expressed at high levels in rabbit CNT
and collecting duct cells, and the transcript expressed in
these cells is identical in size and sequence to the one
segments, HKa2 mRNA is expressed at high levels, with expressed in the distal colon. The expression of this
no obvious quantitative differences. On the other hand, HKa2 mRNA is restricted to the CNT, CCD, and
no HKa2 mRNA was detected in proximal tubule, TAL, OMCD, with comparable levels in a- and b-type interca-
DCT, and IMCD. These data are similar to those ob- lated cells as well as in principal cells, but higher levels
tained previously in the rat, where in situ hybridization in cells that most likely correspond to CNT cells.
revealed expression of HKa2 mRNA in CNT, CCD, and
OMCD, but also differ from the same data set because ACKNOWLEDGMENTS
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